INTRODUCTION
A significant increase in the prevalence of allergic diseasesis becoming an important public health problem in industrialized countries. [1] [2] [3] Recent epidemiological studies havesuggested that a steady decline in exposure to viral, bacterial, and parasitic infection is associated with an increase in allergic disorders. 4, 5 That is, reduced exposure to microbes and their products in childhood may lead to a failure to development of appropriate immune regulation. Although several experimental studies have consistently shown that parasite infections or parasite-derived products help induction a Th1-biased immunity and prevent the induction of the Th2 system that causes allergic disease, [6] [7] [8] [9] [10] [11] the mechanism of how parasite infection prevents the development of allergic disorder remains unclear.
Parasites employ various strategies to evade effective host immune response that thwart infection. Although immune evasion has been developed to favor parasite establishment within the host, some particular immune-escaping strategies might, quite paradoxically, be also beneficial for the host. 12 Regulatory B cells (Bregs), regulatory T cells (Tregs), and alternatively activated macrophages have been identified as the key components of the immune regulatory network functioning during helminth infections. [13] [14] [15] These immune regulatory cells expand during parasite infection and may prevent the development of unrelated immune-driven pathology, such as allergy and autoimmune diseases. 14, 16 Typically, B cells function as antibody-producing cells, but
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Purpose: Toxoplasma gondii (T. gondii) is an obligate intracellular protozoan parasite that infects humans and animals via congenital or postnatal routes, and it is found worldwide. Modulation of the immune system by parasite infection is proposed to suppress allergic inflammation. Growing evidences have shown that interleukin (IL)-10-producing regulatory B cells (Bregs) and CD4
+ regulatory T cells (Tregs) induced by parasite infection play a critical role in allergic or autoimmune diseases because these cells regulate negatively cellular immune responses and inflammation. Currently, the role of IL-10-producing regulatory B cells in host immune response during T. gondii infection is unknown. In this study, we investigate whether T. gondii infection can suppress the development of unrelated atopic dermatitis (AD)-like lesions. Methods: AD is a chronically relapsing inflammatory skin disease accompanied by severe itching; for this, we used NC/Nga mice, a well-known experimental model of systemic AD. Repeated exposure to Dermatophagoides farinae crude extract (DfE), known as a major environmental allergen, evokes AD-like skin lesions in NC/ Nga mice under specific pathogen-free conditions. NC/Nga mice were intraperitoneally infected with 10 cysts of T. gondii. Results: T. gondii infection significantly ameliorated AD-like skin lesions in NC/Nga mice. The subpopulation of Bregs and Tregs in the AD mice was expanded in the course of T. gondii infection. In addition, T. gondii infection inhibited Th2 and enhanced Th1 immune response in the DfE-treated AD mice. Conclusions: We have experimentally demonstrated for the first time that T. gondii infection ameliorated AD-like skin lesions in a mouse model of AD. Our study could in part explain the mechanisms of how parasite infection prevents the development of allergic disorder. Therefore, these immunemechanisms induced by T. gondii infection may be beneficial for the host in terms of reduced risk of allergic immune reactions.
they are also involved in other immune mechanisms, including cytokine and chemokine secretion and antigen presentation. In addition, B cells have been shown to participate in the induction of immune tolerance and suppression of inflammation, suggesting the existence of IL-10-producing Bregs. [16] [17] [18] The IL-10-producing subset of Bregs was first identified to play a critical role in limiting disease severity in allergic inflammatory and autoimmune conditions. 13, 19, 20 In recent studies, it has also been found that these Bregs are significantly induced during parasite infection. 6, 9, 13, 21 Several studies have demonstrated that in parasite infections, IL-10-producing Bregs are stimulated as part of the parasite-induced host immune response beneficial for the infection. 9, 21 Interestingly, IL-10-producing Bregs induced by parasite infection have been shown to suppress allergic inflammatory and autoimmune diseases. 9, 13, 22 Tregs also play essential role in limiting potentially harmful immune-mediated pathology as the negative regulators of the T cell immune response. 23 The well-characterized Treg cell type is the CD4 +
CD25
+ T cell expressing the transcription factor FoxP3. Tregs may reduce injurious host inflammatory and immune responses as well as Th2 responses, such as eosinophil activation required to kill parasites. 24 Toxoplasma gondii (T. gondii) is a worldwide-distributed intracellular protozoan parasite thatinfectsa variety of warmblooded mammals and causes one of the most common chronic parasitic infections in humans: approximately one-third of the world population carries T. gondii. 25 Toxoplasmosis is usually clinically asymptomatic in healthy individuals but can lead to severe complications in pregnant women and immunocompromised patients.
In animal models, various helminths alleviate the symptoms of experimental allergic and autoimmune diseases via the induction of IL-10-producing Bregs and Tregs. 6, [26] [27] [28] In addition, a recent study demonstrated that activated Tregs during T. gondii infection contribute to suppression of the development of allergic airway inflammation. 29 However, the role of IL-10-producing Bregs induced by T. gondii infection in unrelated immune-driven pathology, such as allergic inflammation, is poorly understood, and there have been no published data on immunomodulation by T. gondii infection in atopic dermatitis (AD) animal models. AD is a chronically relapsing inflammatory skin disease accompanied by severe itching; we used NC/Nga mice, a well-known experimental model of systemic AD, because of the similarity between clinical symptoms displayed in these mice and AD in humans. Models based on NC/Nga mice are thought to provide important information about AD. Repeated exposure to Dermatophagoides farinaecrude extract (DfE), known as a major environmental allergen, evokes AD-like skin lesions in NC/Nga mice under specific pathogen-free conditions. 30, 31 The aim of this study was to examine whether T. gondii infection renders mice less susceptible to AD in a mice model and to investigate the influence of T. gondii infection on the expansion 
MATERIALS AND METHODS

Animals
Specific pathogen-free 6-week-old female NC/Nga mice were purchased from Japan SLC, Inc. (Tokyo, Japan) and housed in a specific pathogen-free facility in individually ventilated and filtered cages. The animal protocol used in this study was reviewed and approved based on ethical procedures and scientific care by the Korea Centers for Disease Control & PreventionInstitutional Animal care and Use Committee (KCDC-IACUC; Approval Number KCDC-12-039-2A). All animal care and protocols were performed in accordance with the guideline for the Care and Use of Laboratory Animals of Korean Centers for Disease Control.
Experimental animal model of AD and parasitic infection
AD-like skin lesions were induced in 7-week-old female NC/ Nga mice using DfE. Ointment containing the components of crude DfE was purchased from Biostir Inc. (Tokyo, Japan). For AD development, the hair on the upper back was shaved, and 200 μL of 4% (w/v) sodium dodecyl sulfate was applied to the shaved dorsal skin and both surfaces of each ear for barrier disruption. After 2 hours, the back skin and both ears of NC/Nga mice were repeatedly treated with 50 mg of ointment containing crude DfE 3 times per week for 4 weeks. Cysts of the T. gondii ME49 strain were obtained from the brains of chronically infected mice. NC/Nga mice were infected with 10 cysts intraperitoneally at 7 days before or after the first application of DfE (Fig.  1A) . All mice were sacrificed at the end of the experiment.
Antibodies and flow cytometry analysis
For flow cytometry analysis of IL-10-producing CD19 + Bregs, cells in splenocytes were analyzed for the expression of surface markers using the following monoclonal antibodies: fluorescein isothiocyanate (FITC)-conjugated anti-CD19 (clone 1D3; BD Biosciences, San Jose, CA, USA) and phycoerythrin (PE)-conjugated anti-IL-10 (clone JES5-16E3; eBioscience, San Diego, CA, USA). For subsequent IL-10intracellular staining, the Cytofix/ Cytoperm kit (BD Biosciences) was used according to the manufacturer's protocol (BD Biosciences). For the analysis of CD4
+ Treg cells, the mouse Treg-staining kit was used according to the manufacturer's instructions (eBioscience). The stained cells were analyzed by 3-5 color flow cytometry using a FACSversa flow cytometer (BD Biosciences). The FlowJo software (Tree Star Inc., OR, USA) was used to analyze flow cytometry data. To determine background staining, non-reactive isotype-matched control monoclonal antibodies (eBioscience) were used and gated to exclude ≥98% of non-reactive cells.
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Evaluation of dermatitis severity
The severity of dermatitis was determined macroscopically based on the presence of erythema/hemorrhage, edema, excoriation/erosion, and dryness/scaling and evaluated according to the severity index scoring system. Skin lesions on the back and both ears were scored based on the presence of clinical symptoms: no symptoms=0, mild=1, moderate=2, and severe=3. The total clinical skin severity score was defined as the sum of the individual scores.
Measurement of total serum IgE, IgG1, and IgG2a by ELISA
Blood samples were collected from the heart, and isolated serum samples were stored at -70˚C until quantitative analysis for Ig subclasses. The concentration of total IgE, IgG1, and IgG2a in mouse serum was measured using the mouse ELISA kit (eBioscience) according to the manufacturer's instructions.
mRNA quantification of cytokines in skin lesions
The expression of cytokine, chemokine, and prostaglandinendoperoxide synthase 2 (COX-2) mRNAin skin lesions was determined by RT-PCR. Total RNA was isolated according to the manufacturer's protocol (Qiagen, Valencia, CA, USA and used to generate cDNA by reverse transcription. PCR was performed with primers specific for each cytokine, chemokine, and COX-2 (Table 1) , and cDNA as templates. The amplified products were analyzed by automated capillary electrophoresis (QIAxcel Advance system; Qiagen Irvine, CA, USA) and β-actin expression was used as the internal control.
Histological analysis
Dorsal skin from the back and ear lesions was resected, fixed in 10% formalin solution, embedded into paraffin, sectioned, stained with hematoxylin-eosin solution, and examined by light microscopy. Mast cells and eosinophils were stained with 
Statistical analysis
The significance of differences between the means of all variables was evaluated by one-way analysis of variance (GraphPad Prism 3.0; GraphPad Software, CA, USA). Tukey's multiple-comparison test was used for pairwise comparison of multiple groups.
RESULTS
T. gondii infection inhibits AD development in NC/Nga mice
We sought to determine whether T. gondii infection can prevent AD-like skin lesions in a mouse model. The onset of skin inflammation as significant hyperplasia of the epidermis and dermis was observed in the DfE-treated mice starting at 2 weeks. The AD-like skin lesions progressively worsened over 4 weeks after the initial treatment. As shown in Fig. 1B , in the control uninfected mice, DfE application initially induced skin , and mice infected with T. gondii 7 days after DfE application (DfE+Tg) were obtained by heart puncture; serum levels of IgE, IgG1, and IgG2a were measured by sandwich ELISA. (B) mRNA expression of Th1-and Th2-associated cytokines, chemokines, and inflammatory factors in the skin lesions. Total RNA was prepared from the back skin and analyzed by RT-PCR. The intensity of PCR bands was measured using the Qiaxcel Advanced System. (C) Transcript levels normalized to β-actin expression used as the internal control. The data are expressed as the mean± SD of three independent experiments (n=5 for each group). *P<0.05 and ***P<0.001 for infected versus uninfected DfE-treated mice. Tg, T. gondii; DfE, Dermatophagoides farinae extract.
Normal Tg+DfE DfE DfE+Tg dryness, followed by mild erythema, hemorrhage, and edema; finally, the back skin thickened, and severe erythema, hemorrhage, edema, erosion, and excoriation were observed. The dermatitis score (which integrated the individual scores for each symptom) progressively increased starting 2 weeks after the initial DfE application and reached the maximum at 3 weeks (Fig. 1C) . Remarkably, NC/Nga mice infected with T. gondii either before or after the development of AD ameliorated AD-like skin lesions (Fig. 1B and C) .
Skin-infiltrated eosinophils and mast cells are a characteristic feature of AD. 32 The numbers of dermal mast cells and eosinophils markedly increased in the skin lesions of DfE-treated mice ( Fig. 2A) . In addition, immunohistological staining revealed significant infiltration of CD4 + T lymphocytes and dendritic cells into the dermis (Fig. 2B) . In contrast, T. gondii-infected mice showed marked reduction in the thickness of the stratum corneum and in the infiltration of inflammatory cells into the dermis, compared with the results seen for uninfected DfEtreated mice: there were less mast cells and eosinophils in the skin lesions of T. gondii-infected mice (Fig. 2A) . Furthermore, we observed that the infiltration of CD4 + T lymphocytes and dendritic cells in the dermis was considerably lower than T. gondii-infected mice in control mice (Fig. 2B) .
T. gondii infection inhibits Th2 and enhanced Th1 immune responses in the DfE-treated AD mice
Skin lesions of patients of AD indicate chronically relapsing inflammatory disorders with prurience and eczema usually associated with elevated serum total IgE levels and a Th2-predominant immune response. It has previously been shown that NC/Nga mice with fully developed skin lesions had markedly elevated serum total IgE levels which correlated with clinical severity of dermatitis. 33 Consistent with these results, we observed vigorous production of total IgE and IgG1 in DfE-treated NC/Nga mice (6,065.5±910.7 and 3,419±147.4 μg/mL, respectively) (Fig. 3A) . We also examined whether T. gondii infection before or after the development of skin lesions affect serum levels of the Ig subclasses, including IgE, IgG1, and IgG2a. Our results indicate that the generation of IgE and IgG1 in T. gondiiinfected NC/Nga mice was clearly inhibited (IgE: 588.4±795.9 and 3,455.4±743.6 ng/mL, P<0.001 and 0.05, respectively; IgG1: 470±369.9 and 759.4±477.9 μg/mL, P<0.001, respectively), whereas IgG2a levels markedly increased (1,943±296.5 and 1,854.1±162.6 μg/mL, respectively) compared to the control group (299.5±131.1 ng/mL, P<0.001) (Fig. 3A) .
Next, we examined the mRNA expression of Th1-and Th2-associated cytokines, chemokines, and inflammatory factors in the skin lesions. The mRNA expression of Th2-type cytokines, including IL-4, IL-5, and IL-13, significantly increased in the DfE-treated NC/Nga mice. The infiltration of inflammatory cells into inflammation sites is dependent on the local production of chemokines with leukocyte chemoattractant activity. 31 TARC/ CCL17 functions as a selective chemoattractant that contributes to local recruitment and migration of Th2 cells expressing CC 
DfE
Tg+DfE DfE+Tg DfE Tg+DfE DfE+Tg chemokine receptor 4. 34, 35 The mRNA levels of TARC and the proinflammatory factor COX-2 markedly increased in the skin of DfE-treated mice (Fig. 3B) . In contrast, the expression of these Th2-associated inflammatory factors in the skin of DfE-treated mice infected with T. gondii was significantly reduced (Fig. 3B) . Furthermore, the parasitic infection led to the elevated expression of Th1-type cytokine IFN-γ and anti-inflammatory cytokine IL-10 in the skin of DfE-treated animals (Fig. 3B) .
T. gondii infection expands the subpopulation of Bregs and Tregs in the AD mice
It has been demonstrated that parasite-induced Bregs or Tregs can suppress Th2-mediated allergic responses. 6, 10 To determine whether the expansion of Breg and Treg populations induced by T. gondii infection is relevant to the parasite-mediated suppression of allergic inflammatory response, we assessed the dynamics of these immunoregulatory cells during AD development. As expected, the population of IL-10-producing B cells in spleen was significantly greater in the infected (Tg + DfE group, 7.11%±2.78%; DfE + Tg group, 12.03%±3.52%) than in the uninfected DfE-treated NC/Nga mice (2.61%±0.63%, P<0.05 and 0.001, respectively) (Fig. 4A) (Fig. 4B) .
DISCUSSION
Recent studies in animal models have demonstrated that chronic helminth infections are strongly associated with a reduced prevalence of inflammatory disorders, including allergic diseases. 6, 13, 27 It has also been shown that parasitic infection may prevent the development of allergic and autoimmune diseases by inducing IL-10-producing B cells and IL-10-dependent mechanisms, suggesting suppressive function of IL-10-producing Breg cells in allergic diseases. 13, 17, 26, 36, 37 NC/Nga mice treated with DfE are used as a sensitive animal model for human AD. Most of the population of AD patients has high titers of specific IgE to Dermatophagoides mites. 31, 37 In this study, we examined whether T. gondii infection can inhibit allergic inflammatory response in AD using NC/Nga mice as an experimental AD model. T. gondii infection rendered protection against AD-related pathogenic mechanisms. Histological analysis demonstrated reduced infiltration of inflammatory cells including eosinophils, mast cells, CD4 + T cells, and dendritic cells, into DfE-induced skin lesions of T. gondii-infected NC/Nga mice. Moreover, the high levels of IgE and IgG1 production as well as elevated expression of Th2-associated inflammatory factors observed in AD mice, were significantly decreased in T. gondii-infected ADlike NC/Nga mice. Interestingly, we observed an increase in serum IgG2a and IFN-γ expression in the skin in T. gondii-infected AD-like mice, suggesting that the infection switched the immune response from the Th2 to the Th1 type.
Recent studies have shown that helminthic infections increased IL-10-producing B cells, and that adoptive transfer of these cells from infected mice protected recipient mice against experimentally induced allergic inflammatory disease. 6, 13 Indeed, a recent clinical study involving helminth-infected patients with multiple sclerosis also highlighted a role of IL-10-producing B cells in ameliorating disease symptoms. 36 Amu et al. 6 have demonstrated that Bregs induced by Schistosoma mansoni infection prevent and reverse allergic airway inflammation via Tregs, suggesting that immunoregulatory Bregs and Tregs play an important role in parasite-mediated protection against allergic conditions. Consistent with this notion, our findings reveal that IL-10-producing Bregs and Tregs induced by T. gondii infection can effectively modulate allergic inflammatory responses.
In conclusion, our results demonstrate that T. gondii up-regulates IL-10-producing Bregs and CD4 + CD25 +
FoxP3
+ Tregs, which can protect against the development of severe AD. These immune mechanisms induced by T. gondii infection may be beneficial for the host in terms of reduced risk of allergic immune reactions and provide a basis for the development of novel therapeutic strategies to treat chronic AD.
